Four indicator genes were monitored by quantitative PCR in hospital effluent (HE) and in the raw and treated wastewater of the municipal wastewater treatment plant receiving the hospital discharge. The indicator genes were the class 1 integrase gene intI1, to assess the capacity of bacteria to be involved in horizontal gene transfer processes; blaTEM, one of the most widespread antibiotic resistance genes in the environment, associated with Enterobacteriaceae; vanA, an antibiotic resistance gene uncommon in the environment and frequent in clinical isolates; and marA, part of a locus related to the stress response in Enterobacteriaceae. Variation in the abundance of these genes was analysed as a function of the type of water, and possible correlations with cultivable bacteria, antimicrobial residue concentrations, and bacterial community composition and structure were analysed. HE was confirmed as an important source of blaTEM and vanA genes, and wastewater treatment showed a limited capacity to remove these resistance genes. The genes blaTEM and vanA presented the strongest correlations with culturable bacteria, antimicrobial residues and some bacterial populations, representing interesting candidates as indicator genes to monitor resistance in environmental samples. The intI1 gene was the most abundant in all samples, demonstrating that wastewater bacterial populations hold a high potential for gene acquisition.
Introduction
Contamination of different water environments with antibiotic residues, antibiotic-resistant bacteria and antibiotic resistance genes is an environmental problem reported in wastewater, coastal water, lakes, rivers, springs, underground water bodies and even tap water [1] . Extensive use of antibiotics and the inevitable discharge of at least part of these residues and resistant bacteria in the municipal sewer are important drivers of this emerging form of contamination [2] . Although urban wastewater treatment plants (UWTPs) are designed to clean water by removing nutrients and pathogenic micro-organisms, they cannot completely eliminate antibiotic residues or antibiotic-resistant bacteria [3] . Unlike antibiotic residues, antibiotic-resistant bacteria proliferate in the environment, spreading their antibiotic resistance genes. There-fore, this form of biological pollution is not restricted to a point source of contamination or occasional discharge [2] , persisting and spreading in the environment even in the absence of antibiotic residues [4] . At the moment, our understanding of the factors that drive the propagation of genetic elements related to resistance during wastewater treatment or after its release in the environment is limited. The available literature shows that different antibiotic-resistant populations or genes present distinct distributions or removal rates during wastewater treatment [1] . This work was designed based on the hypothesis that genes related to resistance may present different patterns of variation, which will influence their penetrance as environmental contaminants. To test this hypothesis, the abundance of four genes was monitored over time by quantitative PCR (qPCR) in hospital effluent and in the raw and treated wastewater of the receiving municipal sewage treatment plant. The genes were (i) the class 1 integrase gene intI1, an indicator of the capacity of bacteria to be involved in horizontal gene transfer processes, since it is frequently associated with antibiotic resistance acquisition [5] ; (ii) blaTEM, associated mainly with Enterobacteriaceae and common in the environment, as an indicator of anthropogenic antibiotic resistance contamination [6] ; (iii) vanA, associated mainly with Enterococcus and uncommon in the environment, as an indicator of antibiotic resistance contamination of clinical origin [7] ; and (iv) marA, associated mainly with Enterobacteriaceae, as an indicator of bacterial stress response capacity [8] . Except for marA, which is part of a polygenic locus on the chromosome, all of these alleles may be inherited vertically or transferred by horizontal gene transfer. Data on the abundance of each indicator gene was analysed as a function of the levels of antibiotic-resistant cultivable bacteria, the 16S rRNA gene-based denaturing gradient gel electrophoresis (DGGE) patterns and the concentrations of antimicrobial residues. It was intended to assess whether: (i) genes related to different functions present distinct abundance and patterns of variation in different types of wastewater; (ii) hospital effluent is a source of resistance genes; and (iii) variations in the abundance of indicator 6 3 genes are significantly correlated with bacterial populations, antibiotic resistance prevalence or antimicrobial residues.
Materials and methods

Sampling and sample characterisation
This study examined the hospital effluent (HE), raw wastewater (RWW) (inflow) and treated wastewater (TWW) (effluent) of the receiving UWTP described in previous studies [9] . Briefly, the hospital has an average effluent flow of 1000 m 3 /day. The receiving UWTP serves a population equivalent to 200,000 inhabitants and has an average monthly flow of 1.1 x 10 m /day. Wastewater treatment comprises preliminary, primary and biological treatment, including nitrogen and phosphorus removal. The treated effluent is discharged to a river mouth. Sampling and sample characterisation were as described previously [9] . Detailed information is provided in Supplementary Fig. S1 and Supplementary Tables S1  and S2 (for DGGE profiles, CFU counts, and concentrations of antibiotic residues and heavy metals, respectively [9] . Briefly, four grab samples were collected from the HE (one per month in October 2010 and January, February and June 2011), and three 24-h composite samples were obtained from RWW (after the primary settling tank) and TWW (final effluent) of the UWTP in October 2010 and January and February 2011. Samples were characterised for their content of culturable bacteria (total and amoxicillin-and ciprofloxacin-resistant), bacterial community composition based on the 16S rRNA gene-DGGE patterns, and concentration of antibiotic residues and metals, as summarised in Supplementary Tables S1 and S2 and Supplementary Fig. S1 [9]. Supplementary Fig. S1 and Tables S1 and S2 related to this article can be found, in the online version, at doi:10.1016/j.jgar. 2014.10.001. Total and antibiotic-resistant bacteria were enumerated using the membrane filtration method on plate count agar (PCA) (Pronadisa, Madrid, Spain) for total heterotrophs, on m-faecal coliform agar (mFC) (Difco, Sparks, MD) for enterobacteria, and on glutamate-starch-phenol red agar (GSP) (Merck, Darmstadt, Germany) for aeromonads/pseudomonads. In parallel, bacteria were enumerated on the same media supplemented with 32 mg/L amoxicillin (Sigma, Steinheim, Germany) or 4 mg/L ciprofloxacin (Sigma) [3] , being considered resistant to the respective antibiotic. All procedures were performed in triplicate (Supplementary Table S1 ). Bacterial community characterisation based on DGGE analysis was performed as described previously [3] . Total DNA extracts were obtained in triplicate by filtering 25 mL of HE (n = 4) or RWW (n = 3) and 150 mL of TWW (n = 3) through polycarbonate membranes (0.2 mm porosity) (Whatman, Brentford, UK) and total DNA was extracted with a PowerWater  DNA Isolation Kit (MOBIO Laboratories Inc., Carlsbad, CA). A 180-bp fragment of the 16S rRNA gene was amplified using the primers 338F-GC-clamp and 518R. DGGE was performed on a polyacrylamide gel and DGGE profiles were normalised and analysed as described previously ( Supplementary Fig. S1 ) [9] . Selected bands, corresponding to populations whose variation was found to present significant positive correlations with the variation of the studied indicator genes, were identified based on nucleotide sequence analysis, after cloning and GenBank query (http://blast.ncbi.nlm.nih.gov). Samples were also characterised for the content of arsenic, tetracycline, penicillin G, sulfamethoxazole, ciprofloxacin and ofloxacin as described previously [3, 9] (Supplementary Table S2 ).
Quantification of indicator genes by real-time PCR
Real-time PCR was used to assess the abundance (qPCR) of selected genes in the same DNA extracts that were used for DGGE analysis. Three replicates of DNA extract were analysed independently for each sample. Fragments of the genes blaTEM, marA, vanA, intI1 and 16S rRNA were analysed by real-time PCR (StepOne TM Real-Time PCR System; Life Technologies, Carlsbad, CA) using the
Wilmington, MA) for all targets except vanA, for which the SYBR  Select Master Mix (Applied Biosystems, Foster City, CA) was used. The primer sets and thermal cycling conditions were as described in Table 1 . The melting curve of the amplicon at increments of 0.1 ºC from 65 ºC to 95 ºC was analysed to assess the homogeneity of the PCR product. Confirmation of the PCR product size was done in a 1.5% agarose gel. Real-time PCR results were analysed using the StepOne TM v.2.3 software (Life Technologies). Standard curves for the 16S rRNA and marA amplicons were prepared using the genomic DNA of Escherichia coli ATCC 25992; for blaTEM and intI1, amplicons were prepared as described previously [5, 13] using the genomic DNA of E. coli strains M2AC7 (accession no. HG797639) and S3R22 (accession no. HG797640), respectively; amplicons of vanA were obtained from the genomic DNA of Enterococcus faecalis ATCC 17050, as described by Dutka-Malen et al. [14] , and were cloned with an InsTAclone TM PCR Cloning Kit (MBI Fermentas). Plasmid DNA was extracted using a GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific, Waltham, MA) and was treated with Plasmid-Safe TM ATP-Dependent DNase (Epicentre, Madison, WI). All genomic DNA extractions were performed using a QIAamp DNA Stool Kit (QIAGEN, Venlo, The Netherlands) and amplicons were purified using a GRS PCR & Gel Band Purification Kit (GRISP, Porto, Portugal).
DNA quantification was performed by fluorimetry (Qubit  Fluorometer; Invitrogen, Carlsbad, CA) as described previously [15] . Ten-fold serial dilutions of purified plasmid DNA were used to prepare standard curves for each indicator gene. Gene copy numbers were calculated by the Standard Curve method as described previously [16] .
Data analyses
The number of copies of each indicator gene was normalised per ng of DNA or copy number of the 16S rRNA gene. One-way analysis of variance (ANOVA) and Tukey's post-hoc tests (SPSS Statistics for Windows v.19.0; IBM Corp., Armonk, NY) were used to assess statistically significant differences (P < 0.05). Possible correlations between antimicrobial residues, indicator genes and bacterial populations were assessed based on Redundancy Analysis (RDA). Correlations between the variation in the copy number of each indicator gene normalised by ng of DNA or by copy number of the 16S rRNA gene (these ratios being considered the environmental variables) and the variations in the abundance of antibioticresistant cultivable bacteria and the DGGE profiles were assessed. In addition, the concentration of antimicrobial residues was used as an environmental variable to test the variance of the normalised copy number of each indicator gene. The significance of the components was evaluated with a Monte Carlo permutation test, and only variables significantly (P < 0.05) explaining the observed variation were considered. Bacterial removal rates (r) after wastewater treatment were estimated as:
where a and b represent CFU/mL or the 16S rRNA gene copy number/mL in TWW and RWW, respectively.
Results
Variations in the abundance of indicator genes
As estimated based on the 16S rRNA gene copy number per ng of total DNA, bacterial DNA was more abundant in HE and RWW than in the final effluent of the UWTP (P < 0.05) (Fig. 1) . In the final effluent (TWW), the copy number of 16S rRNA gene per ng of total DNA was approximately one logarithmic cycle lower than in RWW, an indication of the removal of bacteria during wastewater treatment. Considering the four indicator genes analysed, intI1 was the most abundant in all types of water, with identical prevalence whether its abundance was estimated per ng of DNA or per copy number of the 16S rRNA gene (P > 0.05) (Fig. 1) . In contrast, the prevalence of the three indicator genes marA, blaTEM and vanA was significantly higher in HE than in RWW, either considering per ng of DNA or per copy number of the 16S rRNA gene. Comparison of the prevalence of these three genes in RWW and TWW showed that wastewater treatment may not remove all resistance determinants with the same efficiency. Comparing RWW and TWW, it was observed that the relative abundance of blaTEM (ratio blaTEM/16S rRNA) decreased (P < 0.05), that of vanA (ratio vanA/ 16S rRNA) did not vary (P > 0.05) and that of marA (marA/16S rRNA) increased (P < 0.05) (Fig. 1) . In the same way, different indicator genes prevailed among bacteria (per copy number of 16S rRNA gene) in the types of water analysed. The abundance of these genes (normalised by copy number of the 16S rRNA gene) could be ranked as intI1 > blaTEM > marA > vanA in HE and RWW and intI1 > marA > blaTEM > vanA in TWW (Fig. 1). 
Possible correlations between indicator genes and other parameters
To assess factors that may be correlated with the observed variations of the indicator genes, RDA was conducted. Variation in the abundance of cultivable bacteria (on PCA, GSP and mFC, or on these media supplemented with amoxicillin or ciprofloxacin) (Supplementary Table S1 ) and in bacterial community composition and structure (bands of the DGGE patterns) ( Supplementary Fig. S1 ) was analysed as a function of the abundance of each indicator gene (expressed as copy number per ng of DNA). In addition, possible relationships between variations in the abundance of these genes and the concentration of antimicrobial residues were assessed using the concentration values as environmental variables (Supplementary Table S2 ).
For cultivable bacteria, significant positive correlations (P < 0.05) were found between all bacterial groups (total heterotrophs on PCA, aeromonads on GSP and enterobacteria on mFC) and the relative abundance of the different genes ( Table 2 ). The strongest correlations were found for the genes blaTEM and vanA, with interset correlation values of 0.86 and 0.89, respectively, with axis 1 over which the abundance of bacteria cultivable on PCA and mFC presented the highest cumulative fit (0.80 and 0.89, respectively) ( Fig. 2A; Supplementary Fig.  S2A ). The variation in the abundance of bacteria able to grow on PCA or GSP with ciprofloxacin or amoxicillin was also distributed over axis 1 with the strongest correlation with the variation in the abundance of blaTEM and vanA genes. Supplementary Fig. S2 related to this article can be found, in the online version, at doi:10.1016/j.jgar.2014.10.001. For DGGE profiles, RDA showed the distribution of bands over axis 1, with which the variations in the abundance of the tested genes were poorly correlated ( Fig.  2B; Supplementary Fig. S2B ). However, significant positive correlations were found between the genes vanA and blaTEM and the bacterial populations represented by bands 12, 24 and 25 (interset correlation with axis 2, 0.81 and 0.84, respectively). These bands, which presented the highest cumulative fit over axis 2 (B12, 0.56; B24, 0.43; and B25, 0.40), suggested the presence of bacteria closely related to Bacteroides (closest neighbour, accession no. JQ083405.1; 100% similarity), Aeromonas (closest neighbour, accession no. KC906261.1; 100% similarity) and Clostridium (closest neighbour, accession no. AB793421.1; 99% similarity), respectively. To assess whether antimicrobial residues and the indicator genes could have a common source, the first were used as environmental variables and the second as biological species, searching for possible strong correlations. It was observed that vanA, blaTEM and intI1 presented significant positive correlations (cumulative fit with axis 1 of 0.66, 0.63 and 0.31, respectively) with the concentration of tetracycline and sulfamethoxazole (interset correlation with axis 1 of 0.61 and 0.60, respectively) ( Fig. 2C; Supplementary Fig. S2C ). For the other chemical contaminants examined, no significant correlations were observed. In general, the same patterns of correlation were observed when the analysis was made per 16S rRNA gene copy number instead of per ng of DNA (Supplementary Fig. S3 ; Table 2 Table 2) . A lower correlation value was observed between intI1 and vanA (Pearson's r 2 = 0.63) ( Table 2 ).
Discussion
This study aimed to address questions that may contribute to both improve and simplify the monitoring of antibiotic resistance in wastewater and advance our understanding of antibiotic resistance ecology. One of the questions behind the experimental design was whether the selected genes presented different abundance in distinct types of wastewater or distinct fates during wastewater treatment. The ratio between the copy number of the 16S rRNA gene and the volume of wastewater allowed a comparison of the abundance of prokaryotic DNA in the different types of water, which was observed to be higher in HE and RWW than in TWW. Based on these data it was possible to estimate a removal rate of prokaryotic DNA during wastewater treatment of 93.8%. This value was of the same order of magnitude as that estimated for the removal of culturable heterotrophs (96.8%) [9] . The intI1 gene prevailed in all types of water after the 16S rRNA gene, and its abundance (normalised by ng of DNA or by 16S rRNA copy number) did not differ in HE, RWW or TWW. This fact suggests that intI1 may be stable in wastewater and not particularly prone to respond to external influences. The product of this gene is essential for gene recombination leading to insertions in the variable region of class 1 integrons. However, intI1 is part of the conserved region of the integron and will be equally detected in full or in empty integrons, explaining that no significant variations were observed for this indicator gene. Nevertheless, this is not a consensual finding since other authors reported no alteration or an increase or decrease of the gene ratio intI1/16S rRNA after wastewater treatment [17] [18] [19] [20] . The indicator gene marA presented a significant increase in TWW compared with RWW (marA/ng DNA or marA/16S rRNA). This gene encodes a transcriptional regulator belonging to the chromosomal mar regulon of E. coli and other Enterobacteriaceae. This regulon is involved in several resistance phenotypes associated with antibiotics (tetracycline, chloramphenicol, ampicillin, nalidixic acid and ciprofloxacin), household disinfectants, organic solvents, or oxidative stress and survival under stress conditions [21] . These attributes may confer some advantage to survive wastewater treatment, justifying the higher abundance in TWW than in RWW and also its abundance in HE. Another question of this study was whether HE represented a relevant source of resistance genes. Indeed, HE was observed to be a significant source of the genes blaTEM and vanA. In particular for vanA, the abundance of this gene was more than two orders of magnitude higher in HE than in RWW (four in copy number/ng DNA and two in copy number/16S rRNA). HE discharge in RWW led to dilution of the bacteria holding these genes, with significant decreases in the ratio copy number/16S rRNA. However, for vanA, wastewater treatment did not succeed in removal of the gene relative abundance to levels significantly lower than those observed in RWW. Because vancomycin use preferentially occurs in healthcare facilities, discharge of these effluents into municipal collectors is a major public health threat. The observed persistence of the vanA gene in TWW confirms previous studies [7] . blaTEM is one of the most widespread antibiotic resistance genes in the environment [6] . In contrast to vanA, wastewater treatment led to a significant reduction of blaTEM/ng DNA or blaTEM/16S rRNA. However, TWW contained ca. 165 copies of the gene per ng of DNA, which can be considered a high dose of a resistance gene to be spread in the environment. Lachmayr et al. [6] , who observed that the wastewater treatment process reduced the number of bacteria but selected for the blaTEM gene, also concluded that numbers as high as ca. 240 copies of this gene per ng of DNA could be discharged by a wastewater treatment plant. The different behaviour of both genes vanA and blaTEM during wastewater treatment may be due either to the differential survival of the host organisms and/or different stability of the genetic element, although a methodological bias cannot be excluded. The search for correlations between the selected indicator genes and the variations in the cultivable bacteria, bacterial community and antimicrobial residues was made to infer possible selective pressures and to contribute to elucidating the ecology of antibiotic resistance. The abundance of bacteria, expressed as the copy number of 16S rRNA/ng DNA, was significantly correlated with most of the variables considered in this study. However, the strongest correlations were observed with the indicator genes blaTEM and vanA. The abundance of these two genes was also highly correlated (r 2 = 0.91) and was observed to be associated with the concentration of tetracycline and sulfamethoxazole, suggesting that all are discharged by a common source. The genes blaTEM and vanA also presented strong correlations with cultivable bacteria, mainly total heterotrophs (PCA) and coliforms (mFC). This correlation can be interpreted as the result of bacteria harbouring these genes being discharged simultaneously with cultivable bacteria that can grow on PCA or mFC. For instance, vanA occurs mainly in enterococci, which co-inhabit with coliforms and, expectedly, are excreted simultaneously into sewage. Indeed, a correlation value of 0.92 was observed between the ratio vanA/ng DNA and CFU on mFC, on which mainly coliforms grow (Table 2 ). Curiously, blaTEM was not correlated with the abundance of amoxicillin-resistant coliforms, suggesting that this is probably not the most common resistance gene in that bacterial population. This fact may suggest that other bla genes such as blaCTX-M can be more adequate indicators than blaTEM. Another interesting observation was the correlation between the gene copy number marA/ng DNA and CFU on mFC supplemented with ciprofloxacin. Curiously, in a previous study it was demonstrated that ciprofloxacin-resistant E. coli (mostly recovered on mFC) were significantly more prevalent in TWW than in RWW [3] . Although no evidence was gathered for a possible relationship between the mar locus and ciprofloxacin resistance in E. coli, an increased fitness due to the combination of chromosomal mutations in the genes gyrA, parC and marR of that locus was reported previously [22] . The strongest correlations with the bacterial community members were observed for the resistance genes blaTEM and vanA and the populations represented by bands 12, 24 and 25 that comprised bacteria of the groups Aeromonas, Clostridium and Bacteroides ( Fig. 2; Table 2 ). Similar to the genes blaTEM and vanA, these populations were also, in general, more abundant in HE or in RWW than in TWW (Supplementary Fig. S1 ). Members of the genus Aeromonas and the phyla Bacteroidetes and Firmicutes may harbour blaTEM, although they are not the most common host of this gene, a role attributed to Enterobacteriaceae. The vanA gene is normally only reported in enterococci but may also occur in other Firmicutes, including staphylococci [23] . In summary, the genes surveyed presented different patterns of variation in HE and RWW and TWW of the UWTP as well as distinct patterns of correlation with other variables, suggesting their potential as indicator genes to monitor and assess the ecology of resistance in wastewater habitats. However, it is arguable that other genes such as blaCTX-M, mecA or qac genes also widely distributed in wastewater may be also interesting indicators. Fig. S1 ). PCA, plate count agar; GSP, glutamate-starchphenol red agar; mFC, m-faecal coliform agar; AML, amoxicillin; CIP, ciprofloxacin; PEN G, penicillin G; TET, tetracycline; SUL, sulfamethoxazole. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 1 Real-time PCR primer sequences and reaction conditions. Parameters exhibiting Pearson's correlation values (r 2 ) of >0.5 for at least one of the genes analysed. Only those strongly correlated with environmental variables in the Redundancy Analysis were considered for the discussion.
